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AESTRACT 


The objectives of this study were first tc determine the 
effectiveness of the  jet-flap rotor relative tc other lift 
generators, and second to exanins the potent a 
effectiveness of the jet-flap rotcr in a tactical VTOL 
aircraft. 

T e ound thata the Jet-tler rotor has a high 
theoretical potential, but at present is the least-develcped 
of the lift generators considered. The jet-ílar rotor was 
found to be unattractive as a means cf providing vertical 
lift, except when a long hcver duraticr is necessary. 

With regard to weight ccnsideratiors alone, the jet-flap 
rotor was found to be inadvisable for use in a tactical VTOL 
сверогаїі. However, its benign dcwrwash characteristics 
could make the jet-flap rotcr advantacecus it high dcwnwash 


velccities and temperatures cculd not te tolerated. 
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ER NI RODUCTION 


The present navai interest in VTCL (vertical takecff and 
lanđing) aircraft is based on requirements for tactical 
w c rat able to conduct crerations withour the benefit of 
вшомаус or Conventional aircraft carriers. Various VTOL 
configurations are now in the design or development stages. 
These configurations incorporate various means cf providing 
wW tical lift capability. 

The jet-flap rotor, althcugh it Eclds many advantages as 
a lift generator, has not recently keen proposed fcr use in 
ENUTOL tactical aircraft. The purpose of this study was to 
peamine the feasibility o£ using a jet~flap rotor tc provide 
Heo Capability for a tactical aircraft. Specifically, the 
IE сар гобог vas envisioned es beinc inccrporated in a 
Stowable rotor aircraft. 

The objectives of this study were first to determine the 
Ши Спателез5 оф the jet-flart rotor relative tc other lift 
generators, and second го examine the potential 
effectiveness cf the jet-flap rotor in a tactical VTOL 
Eurcraft. 

Section II contains an cverview сї VTOL technology in 
order to acquaint the reader with the important concepts 
psculiar to VTOL aircrart. 

Section Il presents а descripticn cf che jet flap 
EUSoJf and its characteristics. 

Шен Лес Шар aS extended to rotor applications in 
EEcticn IV. ВЕСЕ рев ОЕ the jet- flap Totor and its 
characteristics is presented. Rotor propulsicn methods, 
efficiency, and requirements are descrited. Finally, 
jet-flap rotor experiments are summarized. 

The application of the jet-flap rotor ina stowable 
E orcarrcratft is described in Secticn У,  inoluding a 


detailed description oí a proposed design. 


155 





Section VI describes the jet-flap rector hcver analysis 
and the computer program used to determine the air mass flow 
requirements. 

Section VII examines the jet-flap rector and other lift 
generators both as auxiliary and as primary lifting devices. 
A determination is made of the relative effectiveness of the 
Aec lap roter on che basis ct fuel consumpticn, weight, and 
other factors. 

Finally, conclusions аге made ccncerning the pctential 
oí the jet-flap rotor for use in a VTOL aircraft. 

Included in appendixes are a detailed descripticn of the 
Шшес- lap rotcr theory and the computer program, as well as 
Sample calculations used in the determinaticn cf mass flow 


requirements for the jetrílap rotor. 
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ПИ ТО CONCEPTS AND AIRCRAFT 


A. PASIC RELATIONS 


Consider a rotor ina steady-state hover, so that the 
upward thrust prcduced by the rotor equals the weight. The 
surrounding air is influenced by the rotor as shcwn in 
Figure 1. 

The momentum theory of lift stems frcm Newton's second 
law of moticn, F=ma. The force, here the upward thrust, 
produced by the rotor is equal to the mass cf air passing 
through the rotor per unit time, multiplied Ey the increase 
in velocity of the air caused by the гсісг. 

The momentum theory assumes the retcr is an actuator 
dísc, infinitely thin and composed of an infirite number of 
blades. Across the actuator disc there is assumed tc Бе ап 
instantaneous change in pressure but ro disccntinuities in 
velocity. As shown in Figure 1, the airfilcw fcrıs a 
streamtube, andno flow is assumed to pass thicugh the 
boundary. 

б ап пле distance upstream oz the disc, the 
velocity of the air is zero and the static pressure is equal 
to the total pressure. At a distance dcwnstream, the 
velocity converges to a value У, anc tae static pressure 
once again ccnverges to the tctal pressure. 

Since a pressure disccntinuity exists at the disc, 
Bernoulli's equation must ke applied LE cth above and telcw 
the disc. 


Applying Bernoulli's equation frcm(C)to(D, 


{ 
Po = ~ om e wee (1) 
and fron(2) to(3, 


ом (2) 


> 
N 
+ 
Ni 
ГО 
< 
> 
\\ 
70 
© 
+ 
Ni- 


ІШ 





[тоште d 


we hovering rotor. 
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The pressure change across the disc, by conbining 


equaticns (1) and (2), 15 


From Newton's second law, the thrust produced Ey the 


disc can be expressed as 


— 


Г = м АХ (4) 


where m is the mass flow rate of air passing through the 
disc, and AV is the velocity change from the upper boundary 


(Dto the lower boundary (3). 
мороза disc of radius R, 


m ^CAV. = CTR Ve 
so that from equation (4), 
таста мм. (5) 


Tne force developed by the rotcr disc can alsc te 
expressed as the pressure differerce acrcss the disc 
multiplied by the disc area. Thus, 

aM ess u e cH (6) 

Surstituting equation (3) yields, 

2. 


теле ом (7) 


Equating the right-hand sides of equaticns (5) and (7), 
it is seen that 
EUM (8) 


DE, 
МЕРА МЕ (9) 


Thus the ultimate velccity downstream cf the disc is 


twice the velocity at the disc. 


119 





From equation (7) the ultimate, ог downwash, velccity is 


Гран 
VE Sun (10) 


Disc loadinc is defined as 


ale 
pu To 


given Ly 


mud since іп а hover, thrust equals weight,  equaticn (10) 


EE EE) 
| 2 0... 
у. = © (1) 


Thus the downwash velccity is a function cf the disc 


becomes 


loading. This relationship is shown in Figure 2. 


The ideal power required ky the rotcr disc is defined as 


Since Ve =3 Vu , then the ideal power is given Бү 


T Yù 
КЕБЕ u 





ВЕЕТ, thesspeceirie thrust T/F jis given Бу 


вл Xe Ы. 





Specific thrust is a measure of hcver efficiency, since 
for a given power input a high specific thrust indicates a 
Beem thrust output. Thus, for hovering efficiency it is 
Шозеєзагу to have a iow V,, that is tc accelerate slcwly a 
large mass cf air. This relationship is shown in Figure 3. 

The previous analysis used the assumpticns cf the 
momentum theory, which reglected such effects as: 

(1) blade Profile drag 

"osnoncunstrorm апЕјон стег све disc 

(3) pressure losses at the blade tips 

(4) interaction of the induced air and surrcunding air. 
Thus, the mcmentum theory represents the ideal case for 
hover. 
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Downwash velocity as a function 
О ас БЕ loading. 
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The classical measure cf rotor hcvering efficiency is 


the figure of merit, defined as the ratic of the ideal power 


required (using momentum theory) їс the actual fewer 
required. Thus, 
Pid IDEAL POWER 
D P = ACTUAL POWER 


Since the ideal power required from momentum theory 
ignores blade profile diag, whereas the actual pcwer 
required necessarily includes it, ther the figure cf merit 
will always ke less than one. The cther assumpticns cf tne 
momentum theory also acccurt for the discrepancy between 
ideal and actual power required, sc that a typical 


ШО ссртег Ligure cf merit is 0.75. 


pee Litt AMPLIFICATION 


As mentioned in Ref. 1, there are three majcr methods 
for amplification of the thrust of a gas generatcr: 

(1) Reheating the exhaust gases tc increase the exit 

уе оса “eee. anhterrurner). 

(2) Using the exhaust gases as the primary flux in an 

ejector. 

(3) Using the gas generator to drive a fan cr rotor. 

The use of reheat is an inefficient precess due tc the 
ШІП fuel censumption, and із impractical for а VTOL 
aircraft near the ground due to the high exhaust 
temperatures and velocities. 

The ejector system, used on the Lcckheed XV-4A and the 
Rockwell XFV-12A, appears to be an elegant  rrccess. 
However, with a thrust augmentation of 1.5 at best, the 
process is not very efficient, and it is relatively 
voluminous. 

The third method, the use of a bypass syster, is the 
most efficient and most widely used. In Figure 4 the sane 
gas generatcr is used in three ways: as a lift engine 
Meself; to drive a turbine ccnnected tc a ducted fan: and to 


вте а turbine connected to a rotor. 
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The thrust generated by the basic turbine is given ty 
ШОЛ un 


where q} is the mass flow through the turbine and V; is the 
Eurbine exit vediccity. 


The thrust produced by the bypass system is given by 


ECT e LM 


Ее Ч is the bypass mass flow  gererated by the fan cr 
rotor and V. is the slipstream velocity. The simplifying 
assumption has been made that V. -V- . 

The thrust augmentation is defined as the ratic of the 
шта thrust to the Easic turbine thrust. Еу combining 
equaticns (15) and (16), it can be expressed as 

а рт (17) 

The bypass ratio is the ratio of mass flc« rates of the 


bass air tc the turbine air. That is 


_ Jr 
BPR E 1 + 
Frcm equaticn (17) = seen that the thrust 


augmentation isa function of the bytass ratio and the 
slipstream velocity. 
ЈЕ the power turbine efficiency Ye and the bypass 


aerodynamic efficiency la are пре сошева, then fron 


s р МАСУ) E 1 (18) 


These relaticnships are plotted in Figure 5, using a jet 


Emuaticn (17), 


exhaust velocity of 2000 ffs from tbe turbine, and power 
turbine and bypass aerodynamic efficiencies of 0.85. 

још пеге graphs it is evident that, in crder tc obtain 
ENhSgh thrust augmentation, it is necessary tc have a high 
bypass ratic which therefcre results in a lcw dcwnwash 


velocity. 
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ДЕБЕИ СОЛИ ИСЕНИУ ИЕ 100 Eps has a bypass ratio of 290 
and а thrust augmentation of 15. A ducted fan with V, = 500 
Eos nas a Dypass ratio of 12 and a thrtst augmentation of 3. 

It is thus evident that a high bypass ratic is necessary 
to achieve significant thrust augmentaticn.  Fcr example, a 
bypass ratio of 5 is necessary to produce a thrust 
augmentation cf only 2. 


MEGEAterionewo: efficiency in VTOL aircraft is the fuel 


consumption during hover.  Poisson-Quinton in Ref. 1 
calculated the specific fuel consumption (SFC = fuel 
mon chrust) аз а rumcticóa of slipstream velccity. The 
general trend in Figure 6 shows that specific fuel 


consumption increases as slipstream velocity increases. For 
example, a ducted fan with Vs - 500 fps has a SFC = 0.3, 
NENE Senan E Wien Vo = 2000 £rs has a SFC = 1.0. 

However, fuel consumpticn itself 15 net an accurate 
measure of hevering efficiercy. The weight and vclume of 
the entire lifting system must be considered. Thus, the 
useful efficiency of a lifting system is measured by the 
ratio (thrust)/(engine weight + hover fuel) as a function of 
hover duration. Figure 6 shews the trend cf thrust/engine 
weight as a function cf slipstream velocity. It is seen 
рас пе lift engine has a higher tkrust-tc-weight ratio 
than a rotor, but it must Le remembered that the lift engine 
has a much higher specific fuel consumption. 

Пе делте engine with ats tigb thrust-tc-weight 
ratio has a lower total weight (engine weight + fuel), if 
the hover time is short. Hcwever, the rotor with its low 
fuel consumption will have a lower tctal weight, if the 
hover time is large. This is shown in Figure 7 as general 
trends for varicus VTOL vehicles. Figure 7 also shcws the 
trend of hovering time for a given percentage cf fuel as a 
functicn of cruise speed. 

поште 8 бгарһ1Са11у depacts the proklem fcr a transport 
VTOL aircraft, whose missicn requires € minutes cf hcver and 


hours ОЕ Cruise. In going from the heiiccpter tc a lift 
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Hovering and cruise performance 
of VTOL systems. (Ref. 17) 
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jet configuration, the hover fuel increases while the 
propulsion weight decreases. For a lcnger hover duration, 
the helicopter would show a distinct advantage due tc its 
low fuel consumption. For a shorter hover duration, the 
lift jet would have the advantage due tc its low propulsion 
weight. 

Thus, it is evident that criteria for the  interded 
Mission are of fundamental importance in the evaluation of a 


VTOL aircraft, namely: cruise speed anc hcver duration. 


C.  VTCL AIRCRAFT CONFIGURATIONS 


There is a wealth cf possible VTOL configurations 
considering the various lifting means availakle. There are 
also a number of means available to perform the transition 
between hover and forward flight. 

СТУ О Ол elassirlcatrıon cf VTOL configurations is based 
On the method of hovering and the methcd of performing the 
Mmeansiction tc fcrward flight. 

Four general  Bnethcds are available fer  hcver: rctors, 
free propellers, ducted fans, and jet engines. 

There are also four methods available tc perform the 
transition ketween hovering and fcrward flight: aircraft 
meting, thrust tilting, thrust deflection, and separate 
190415101 for vertical and fcrward flight. 

The chart in Figure 9 depicts the pcssible combinations 
of VTOL configurations using a grid system, as in Ref. 1, 


and gives representative examples. 


Bee TRANSITION FLIGHT 


The transition flight ¡phase is Gefined as the speed 
ООШ е from hovering flight to wing-berne flight. This 
flight regime is usually the ПО сес: тог VTOL 


EB craft. 
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The most important variable during transiticn is the 
power required. The power required in a hcver can be 
obtained by first recalling equation (14), 

z NM 2 


t 


From equation (10), 


п 
М = ELE (20) 


Substituting eguaticn (20) into (19), the follcwing is 
obtained for the ideal power required in a hcver: 


— 3/2 
са — Jeewmm*' 


Assuming thrust equals weight, and introducing the 


Р 


figure of merit, the power required fcr a hovering rotcr is 
given ty 


3/2 
W 


CDS "ERI. (21) 


Recalling that induced drag can ke expressed as 





Біл № 
Ср; = Te AR 
and assuming lift equals weight so that 
ZW 
ОЕ = 
then = 
А чч 


ІЁ АВ = b, /S, then 


Recalling that 


tren 


oS 





Introducing the propulsion efficiency, 4m and the fact 
that P. =DV, then the induced power in forward flight is 


2 (W/bw) 


ro Слеу м 


(22) 
Recalling that profile drag can Le expressed as 
Do = Со, ro Vs 


tħnen similarly, the profile power in fcrward flight is given 


by E 
Е Ка 5 
Ре З 2 ) (23) 


преноса сте (22) апа. (23) are plotted, as in Figure 10, 
the result is the classical helicopteryVIOL pcwer required 
ЕШЕуе. It shculd be noted that inducec power is a function 
of (1/V) and is therefore large at lcw airspeeds.  Ercfile 
БАЗЕ cn the cther hand, is a functicn cf V? , and therefore 
is dominant at high airspeeds. 

The power required at lcw airspeeds (1.¢. transiticn) 
could te reduced if the induced drac was lcwered, since 
parasite drag has little effect at lew airspeeds. 

Recalling that the minimum induced drag will occur fcr a 
spanwise elliptical lift distributicn, a goal fcr efficient 
transition should be tc approach as close as possible an 
eset ical lift distributicn. 

eonriquraticns which nave high concentraticns cf lift, 
such as Ti десе OL cucted fans, have БӘСІ) lirt 
певен риезопг, аз shown in Figure 11. In contrast, gocd load 
ііетігпілопс сап be cbtained with such configurations as 
tilt-wings or spanwise ejectcrs. 

The power required curves thus are different during 
IEunso)tion, depending on the shape of the lift distrikuticn. 
For the case of one engine cut, fcr example, the mzinimum 
flight speed is lower for the configuration with a gccd lcad 
стабло. Пе еп ње танатсатесуү aspects of this 


comparison are evident. 
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EAEE CRUISE PLIGHT 


The purpcse cf the present thrust cf VTOL development is 
БКО provide fast, efficient cruise while allowing vertical 
takeoff and landing. if a prolongeóG hovering capability 
were required, a helicopter would be the mest lcgical 
choice, yet in cruise the helicopter is limited in forward 
speed due to retreating blade stall anc high Mach nurters on 
the advancing blades. 

A measure cf cruise efficiency is the specific pcwer, 
defined as the power avaiiatle in cruise divided by the 


gress weight times the cruise velocity. That is 
Specific Power з Е/НУ 


МЕШШСсреЕЕке, wien S.P. ~ 0.25, are nuch less efficient 
тие than conventicnal jet transperts with S.P. = 0.05. 
Other VIOL aircraft have values between these two extremes. 
БЕ example, a tilt rotor has a S.P. = 0.15. Tte high 
Memes of specific power fcr VTOL aircraft can be attributed 
both to the higher values of installec power necessary fcr 
vertical flight as well as te higher drag values resulting 
from the special configuration requirements cf vertical 
flight devices. 

Another measure of cruise efficiercy is the equivalent 
Es t/drag ratio (L/D). , which is related tc the specific 


power as 
5.Р. = B/AV = D.V/WV = 1/ (1/0), 


Thus, the low specific power of conventional jet 
BEuonsports corresponds to a lift/drag ratio = 20, «hile the 
high specific power of helicopters  ccrrespcnds tc a lew 
ШЕЕ атад гаЕјо ~ 4. Figure 12 illustrates the equivalent 
lift/drag ratio versus speed of flight for various VIOL 
eontigurations. 

As seen from Figure 12, the advantage of unloading the 
БЕОг, as ina compcund helicopter, is small, but the 


advantage from a tilt wing in cruise is evident. However, 
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ӘШІР ЧИН п атссгаёЕ have a cruising speed ой only 200-300 
knots. High speed VTOL capability has been shcwn in 
configurations such as the vectored-thrust Harrier (М = 0.9) 
or the Vj-101 (М = 1.4), which uses separate lift engines. 
The presence of vertical flight capatility in these and 
similar configurations has not detracted from a clean 
efficient cruise configuration. Tkis ís the key to 
efficient VTOL cruise: namely, a vertical capability 


integrated into an efficient cruise design. 


CONTROL SYSTEMS 


Weise ҮТШСІ азгсгавға require special hovering ccntrels 
because conventicnal ccntrcl surfaces are ineffective ina 
hover unless they are immersed in the slipstream of the lift 
@emerators. During transiticn, a special mixing cf control 
systems is required to transfor Е составот =геше постер 
controls to conventional ccntrols as airspeed increases. 

Depending оп the  configuraticn, Varicus means are 
И а е to ccntrol the hcvering aircraft іп the rcil, 
pitch, and yaw axes. 

m helicopter uses al tilting cf <the™= rotor disc to 
Esucrol pitch and roll, while the tail rctcr prevides yaw 
што. For aircraft which have lift generatcrs lecated a 

istance from the center of gravity, differential variations 

СІП Of the thrust vectcrs can Le used tc contrcl the 
aircraft. If the lift generators are centrally iccated in 
the fuselage, reaction contrcls using engine kleed air can 
Bemeplaced cn the aircraft extremities tc prcvide the 
necessary contrcl moments. If conventicnal ccntrols, such 
as ailerons, are located in the hovering high-energy 
Slipstream, such as belcw a tilt-wing frepeller or a tilting 
engine pod, then these contrcls retain their effectiveness 
in a hover by virtue of the dynamic pressures exerted on 
them by the slipstrean. 

Control methods EOL ЕСПЕ УТО configuraticns are 


Шерісбеей іп Figure 13. 
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С. INIERACTICN FROBLEMS 


The large velocities and fiow rates necessary ror 
hovering and transition induce many aercdynamic and 
operational problems on VICL aircraft, depending cn the 
Еа Е1сојаг configuration. Those problems occurring out of 
ground effect are due primarily to aerodynamic interaction 
between the airframe and the lift cenerator slipstream, 


while those in ground effect are due to ground proximity. 
Interactions Out of Ground Effect 


The large velccities and mass flow rates in hcver 
ema transition necessarily entrain  surroundirg air, thus 
inducing velocities and suction forces cn the underside cf 
wings and fuselage. As transition takes place, this effect 
Sage increase, inducing a lift loss as fcrward speed 
increases, until the wing kegins to generate lift. Besides 
И lift loss, pitching acıents can cccur due tc the 
Shifting center cf lift caused by interactions. 

Tilt wing aircraft are extremely susceptible to 
штодугатјс interactions during transition. At moderate 
forward speeds, the wing is necessarily at a high tilt 
angle, and thus the angle of attack or the wing can be very 
large, causing separaticn and resulting bufíeting. 
Ші ет еісге, tilt wing aircraft have a narrcw corridor ОБ 
ROCity, rate of descert, and wing tilt angle during 
transition in order to prevent wing ilcw separaticn and the 
mesulting buffeting. 

It must be emphasized that aercdynamic interactions 
are configuraticn-dependent to a high degree, and that 
нею: changes in configuration, such as exhaust jet 


PeeceMent, can alter ccnsiderably any interacticn effects. 
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2. Ground Interíerence Effects 


The presence cf high-velocity and high-temperature 
flows near the ground in combinaticn with the airframe 
causes a complicated flow pattern to develop, as =һсип іп 
Figure 14. The effects of the exhatst gas include such 
phenomena as recirculation, suckdown, reingestion, grceund 
erosion, and the fountain effect. 

a. Ground Effect 

Unlike a heliccpter, which experiences a 
mavorakle grcund effect as it approaches the grcund, the 
Шесппі "effect on a VTOL aircraft шау be faverable ог 
untavorable, depending on the particular configuration. 

The high-velocity exhaust flcws induce secondary 
flows which generally produce a low pressure field on the 
underside of the aircraft. This lower pressure under the 
aircraft prcduces what is called the suckdown effect. 
However, this effect may Ге positive cr negative depending 
nene particular configuration. 

A configuration with a single exhaust jet will 
 еәгтепсе up to a 1543 1с=5 ОБ thrıst at grcund level. 
However, a COG tna toner wi) twc exhaust jets can 
experience an upward force cn the underside cf the aircraft 
where the twc flows meet on the ground and reflect upwards. 
This fcuntain effect can ccmpletely regate the effects cf 
ENuCkdown, SO that a net positive grcund effect cccurs. 

ФЕ сое, ‘ЕЕ relative ground effect is а 
ЕСС оғ the type cf lift generatcr. A  prepeller will 
approach the favorable grcund effect of the helicopter, 
While a lift jet will experience suckdcwn in ground effect. 

В нешта strtect 

The fountain effect, shcwn in Figure 15, пау 
cause the ргсвівш СЕ  aircrart skin heating in tne 
impingement area. The magnitude of tke problem depends cn 


the exhaust temperatuces and tne duraticn of impingement. 
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БИО Ыс Оро Бет СЕ the Ecurtain effect is the 
mess Of lift which occurs if that effect is changed because 
СЕ hover altitude or surface winds. Since the fcuntain 
effect can cause appreciable lift fcrces and mcments, a 
change in the point of impingement can cause control 
problens near the ground, as shown in Figure 15. 

eom Recirculation 

The flow pattern in a hcver can te described as 
ems isting cf near-field cr far-field recirculaticn, as 
shown in Figure 16. Near-field recirculation is caused by 
the direct impingement of the exhaust flow cn the grcund, 
and its reflection, Sir Босап өтесе. Far-field 
recirculation occurs as the exhaust gases fan cut alcng the 
grcund and rise eventually dte to their heat, tc be sucked 
Beck асип intc the flow field. 

Gli | Ground DOS ап 

ШЕ ЕШТЕ С сце  grcundeoft high-velccity 
flows will necessarily cause ground ercsion  rrcblems. The 
Aunt of ercsion will depend on the veiccity cf the fics, 
B суре о: terrain, and the duraticn. Prem Egqguaticn (11) 
it is recalled that the slirstream velccity is a function c£ 
the disc loading. Thus a retcr will have less effect than a 
Bert jet on ground erosion. 

e. Reingestion 

Hot-gas reingestion is a problem because the 
increase in inlet temperature due to exhaust ingesticn will 
cause a decrease in engine thrust near the ground. Есі 
example, an inlet temperature rise of 40 degrees Е. сап 
euse a 15% loss of thrust. Here again, tke particular 
Semeaguratior has an important effect on the susceptibility 
to hot-gas reingestion. The location of the exhaust Jets, 
the intakes, and the airframe design ars impertant design 
considerations. Aircraft attitude, hover height, and 
surface winds are operaticnal variakles which affect the 


reingestion problen. 
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Lit. IBETJEL ЕВА Е 


А. BCUNDARY ГАУЕН CONTROL 


шие пахалаш ІЛЕС coefficient which can be crtained using 
a conventional flapped airfoil is limited by bcoundary layer 
separation. This separaticn of the Foundary layer occurs 
when the boundary layer is experiencirg an adverse pressure 
gradient and does not have sufficiert energy to remain 
attached to the airfoil surface. ТТ chas Ја см герага вљесп 
can be eliminated by energizing the Loundary layer, then 
gner lift ccefficients can te obtained. This is the goal 
@emooundary layer control - tc raise the lift ccefficient cf 
an airfoii to its theoretical value  (frcm potential flow 
Eucory). 

A common form of boundary layer control is tc expel a 
thin jet of air at the flap hinge, as shown in Figure 17. 
The energy imparted to the boundary layer from the jet 
allows the flow to remain attached over the flap and thus 


prevents separation of the flow. 


B. SUEBRCIRCULATION 


Ii the jet momentum is increased teyond that necessary 
to obtain the theoretical lift, an interesting phercrienon 
called supercirculaticn есче. As the jet mcmentun 
increases, the lift coefficient is increased beyond the 
theoretical maximun. 

ШШЕ Characteristic parameter of the jet is the jet 


momentum coefficient c; (or Cu) defined as 


үт; ~“. 
A о 
4 9 З 
where ш; is the mass flos rate of the jet and V; is its 


послу. 
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For an airfoil which uses a blowing jet tc augment its 
Ert, the magnitude of the jet Icmentum ccefficient 
determines whether this lift increase is due to bcundary 
Mayer control or supercirculation. 

The value of jet momentum coefficient required to ortain 
mire theoretical lift coefficient on an airfoil is referred 
to as the critical jet  mouertum coefficient. Values of the 
jet momentum coefficient abcvs or belcw this value indicate 
ENEGrcarculatzcn or boundary layer ccntrol, respectively. 

The effect of a jet cn lift coefficient is shown іп 
рев о 19, which plots the general trand cf lift ccefficient 
with jet momentum coefficiert. With no jet псшепфиш, tne 
lift in visccus flow is less than the tkeoretical value. As 


em increases tc ; the value о: lift ссе?їїсїєеп®Ё 


= EE 
obtainable increases tc the theoretical maximum. This is 
the region of boundary layer control. As the jet zcmernrtum 
is increased beyond this value о tt coefficient 
ШІСЕЕСасес, althouga at a slcwer rate. Tkis is the regicn of 


supercirculation. 


РР ЈЕТ FLAP BASICS 


M Description 


Consider an airfoil equipped with a Zapp flap as 
mewn 1n Figure 19, anda similar спе equipped with a 
trailing edge jet sheet. These two configuraticns each have 
the same effect upon the airfcil characteristics. The tern 
Ши ср flap" originated from this analcgy between the jet 


sheet and the mechanical flap. 


P Principle of the Jet Flap 


The principle of пе Шшес Ele Xs tc Create 


sufercirculation by means of a high-motentum jet sheet. 
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ZAPP FLAP Ч. в 





PURE JET FLAP <= 


Brauner. 
р ото with mechanical flap. 





E QU TO Ss 


(раван ла у the Дес flap was епуізіспей аз а 
full-span jet sheet which used the entire prcpulsion exhaust 
to supply the jet momentum. Thus, the jet flap provided fer 
the complete integration of propulsive and lift systems. 

However, the practical applicaticn of the pure jet 
flap is unlikely because the jet deflection angle must te 
controllable in flight and because of the ccnsequences of 
failure of the blowing system. 

Thus, several concepts have een prcposed which 
utilize the Jet-flap principle ín a practical manner. These 
are illustrated in Figure 206. Each cf these concepts has 
been successfully utilized tc provide high lift coefficients 
Сипа takeoff and landing, ¢.g.: externally klcwn flaps on 
the McLonnell Dougias YC-15, upper surtrface blewing cn the 
Boeing YC-14, and the augmentcr wing or the DeHavilland/NASA 
ar Buffalo. 


ec harzcteristics 


Basic two-dimensicnal jet flap effects are 
summarized in Ref. 2. Figures 21 ага 22 illustrate the 
Beer on lift coefficient cf the jet deflecticn argle and 
the jet momentum coefficient. 

The important characteristics cf the twe-dirensicnal 
jet flap are summarized belcw: 

(0 Blowing increases the Slope of the lift curve. 

(2) A jet-flap airfcil is essentially unstallable, 

since an increase in lift can te cbtained 
merely by increasing blowing, ard not soleiy by 
increasing the angle cf attack. 

(3) Blowing decreases the profile drag cf the 

airfoil due tc the propulsive etfects of the 
jet. 


5 





UPPER SURFACE BLOWN \ 


E, 
е Y 


EXTERNALLY BLOWN 


TIER 


AUGMENTOR WiNG 


Венге 20. 
Enac eie alene lap Concepts. 


Sz 








Eau on 


ее паше лао а function ot 
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(%) 


(5) 


The lifting effectiveness is independent of the 
type and thickness of the airfoil. 
Flowing increases the drag rise Mach nurter, 


thus delaying ccmpressibility effects. 
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ИВЕТ ЕАР ДОТОК 


А. INTRODUCTION 


The advantages of the jet flap wculd tend tc lend it to 
applications in aelicopters as well as conventicnal 
постаје. пена ве cation of the <et-flap principle to 
helicopters has been discussed in References 3 thrcugh 5. 
Despite the advantages сї the Seta fla, тосе cver 
conventional ccenfigurations, no jet~flap heliccpters have 
been built. Several jet-flap rotors have been tested, 


however, and will be discussed later. 


сен DESCRIPTION 


mre MOSt common сспсерт of a jet-flap  rotcr invcives a 
menor Clade with a narrow slot at the trailing edge cf a 
memvencional airfoil. Тһе slot runs along a majcr forticn 
Еле blade. Thus a large portion cf the rotor disc is 
influenced by the jet flap. 

Air is supplied py Ssither a ссшггегесг сі by the direct 
Het exhaust of agas generater, and is ducted to the retcr 
ШЕШІ апа then through the hcllow blade to the sict.  Rctor 
ea pulsion ís previded by the thrust cf the jet flap itself 
Sie Dy tip jets, which ате more ef icient fcr ІССОГ 
propulsion as will be shown iater. Tre ducting within the 
klade necessitates а scmewhat thicker blade than cn 
Semventional rotcrs, on the crder of 15 to 20% thickness as 
compared to 12%. 

The ability to control the jet deflecticn angle isa 
requirement in most jet-flar rotor designs. This is most 
commonly accomplished by exhausting the air cver a shcrt 
mechanical flap at the trailing edge, as shown in Figure 23. 
А derlection of the flap ceflects the ilcw as the air 


follows the upper surface ky the Coanda effect. 
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Ши ог ае Коап te fixed or variable in pitch. A 
fixed-pitch rotor can be used since the jet deflecticn angle 
can be varied, which can provide necessary changes in 
Seriective or cyclic lift. The Simplicity inherent in a 


fixed-ritch rotcr is evident. 


EX CHARACTERISTICS 


Analytical studies of jet-flap rctcrs have Eeen repcrted 


in References 6 and 7, and experiments in References 3 and 


8. 

The advantages of a jet-flap rctcr are evident fren 
Figure 24, which depicts test results full-scale. it is 
seen that Goth ШПсізаеей static lift capability and 


increased high-speed capability are realized with the jet 
Шар. The increased static lift is due to the higher lift 
coefficients and the resulting higher disc lcading pcssible 
with the jet flap. The increased speed capatility is due tc 
mie elimination cf retreating blade stall which is fossible 
because of the high lift ccefficients available with the jet 
Glan. 

Figure 24 also shows the close correlaticn between the 
calculated results from Ref. 6 and the! measured test results 
Eom Ref. 8. 

The reduction of  vibraticn is ancther advantage cf the 
EE ар rotcr. Since the iccal lift can рє сспїгс11є4 by 
the jet deflection angle, any azimuthal variaticn cf lift is 
ШУ 1 е. Tke introducticn cf higher harmonic  ccntrcl o£ 
the jet flap enables the level of  vitration transmitted co 


the fuselage and blade stresses to be reduced ccnsiderably. 


D. ERCEULSICN REQUIREMENTS 


A jet-powered rotor can te powered using one cf three 
ENSDuision cycles: the hot cycle, in which hct gases of up 
ВО” С are delivered directly from a gas generator and 
Шшесеа through the rotor tc the nozzle; the cold cycle, in 


EE ch relatively cold air cf up to 260°C is supplied Ey a 
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Ccmpressor; or the mixed cycle which ccmbines the hot and 
cold cycles and uses air frcm 200°to 400°C. 

The selection of one of these systems must Le based not 
only on their relative efficiencies, but also cn the 
technical problems involved with each. The EBay 
technical problem concerns ducting design. 

A number of tip-jet powered heliccpters have been built 
Maren utilize the’ cold cycle. The het cycle, however, 
presents the protlem of extremely hot gases passing thrcugh 
the rator blade. With a hct cycle, 1t is necessary to 
minimize the heat loss through the klade. Thus, utilizirg 
the blade structure itself as the duct is nct advisakle. 
Separate ducting is required which can be insulated te 
Minimize heat losses thrcugn the blade. Dhus ,weducrting 
геди1гєшеп©ї<, especially for the hot cycle, dictate the 
construction of reiatively heavy rotor tlades. 

Despite the probleus invclved in  Gevelcpirg a hot cycle 
ES ccm, the pctential efficiency is premising. The Lcrrier 
firm of Germany successfully developed а rotcr system which 
Auca 700” € hot gases through the blade to a tir nozzle. 
See Ref. 9. 


E RCPULSIVE EFFICIENCY 


The primary disadvantage of a jet-driven retcr is its 
Boor efficiency relative tc a conventional shaft-driven 
ШОО ОТ. The overall efficiency of а jet-driven rotor can te 
readily estimated. This has teen done for the hot cycle in 


References 7 and 10, and for the cold cycle in Reference 11. 


ШІ HOt Cycle 


Е ЕЕ Ср о. the cemplete system, , 
can be decomposed into the thermal efficiency of the gas 
generator, Nin + аш лыс Шс т с сис CL the Toter drive 


systen, m его 


N "Лек ЈА 
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The thermal efficiency is defined as the ratic of the tctal 
energy in the output gases tc the fuel energy input. The 
Rotor "drive efficiency is the ratio cf the rotcr drive 
mechanical cutput to the gas generator mechanical energy 
output. 

The highest overall efficiency depends ВЕСИ 
compromises in Na: and Ye >» The ytrhergal Zefficieney 
varies with the compressor pressure ratio Pont ЕС and 
with the turbine inlet temperature To, ОЕ the gas 
generator. Figure 25 shows the variation of thermal 
efficiency with pressure ratic and turkine inlet temperature 
ШИЕ спе гойФог о: Ref. 7. 

The losses associated with Ла are due сос зе ог 
in the blade, but more significantly, to the unavailable jet 
kinetic energy. In cther words, the rotor drive efficiency 
increases with increasing energy cutput frcm the gas 
generator or increasing tip speed. Figure 26 shcws the 
ideal rotor system efficiency (fricticn losses neglected) 
for a gixed cycle. The parameter Н here is defined in Ref. 


7 ав 


ШИЕ practical range of H is from 7.5 tc 15 as shown. 

The efficiencies of various systems can thus be 
readily calculated. From Figure 25 a gas generatcr with a 
pressure ratio of 16 and a turbine inlet temperature СЕ 2500 
R (which are within the state of the art) has a thermal 
Serer ency сі 0.41. From Figure 26 atypical rctcr drive 
efficiency (using tip jets) for a hot cycle will te about 
ШЕ Thus an overall rotcr efficiency of 18% is oktained. 

Bozsseontarıson,s Eigure 26 illustrates the ЕСЕСІ 
Es efticiency of a typical shaft drive (with a turbine 
efficiency Ne О ЕО аса erficiency May cf 
0.83). Using the same gas generator so that er = 0.41, 


ene Overall efficiency of the shaft drive is 34%. 
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The sensitivity of Nen TO the pressure ratio anā the 
turbine inlet temperature should be noted. The selection of 
@ powerplant for a jet drive system is thus of overriding 
mm@eortcance, fcr this and cther reasons. 

Figure 26 depicts the effect of a mixed cycle cr cold 
сус1є. HO По гел<1пд таспа о: соја air tc їаз1с 
exhaust, the rotor drive efficiency rises. However the 
problem arises of accommcdating tke large mass flcews 


necessary for a significant increase in efficiency. 


PES Cold Cycle 


Using the methcd of Ref. 11, а typical value cf 
rotor drive efficiency is 0.42, which ccmpares with a value 
ШӘЙ 83 Гог the shaft drive and 0.45 for the hot cycle. 


EE Overall Comparaison 


Thus the overall efficiercy for a et drive system using 
Ip jets is about 50 percent lower than that cÉ a 


Shaft-driven systen. 


ЕЕ TTE-JET EROPULSION 


The potential of using tip jets was reccgnized early ir the 
development cf helicopters. Various forms cf tip reacticn 
drive were developed in the decad2 after World War II and 
included such devices as ram jets, pulse jets, tip turning, 
tip turbojets, and various forms cf the pressure jet as 
described in Ref. 12. Ecwever, Ter ств а о РОЙ а о о ее 
reascns only one jet rotor was used extensively, the French 
Eun, built in 1953 and of shich over 2CO0 were constructed. 
This helicopter was simple, using compressed air ejected at 
аде tips f£cr rotcr prcrulsion. 

The tip-jet propulsion system cffers a- numpber cf 
advantages cver shaft-driven EOCtCE-. ЧС extensive 
transmission systems are needed. Since virtually no rctor 
torque is transmitted to the fuselage, an anti-torgue system 


is unnecessary. The high rector inertia and wide rpm range 
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ayallaple reduce the critical area in the height-velccity 
diagram. 

However, several disadvantages аррєаг in the discussicn 
cf jet-driven rotors. The  ducting requirements necessitate 
heavy, relatively thick klades. As discussed earlier, 
jet-driven rotors have a much lower  propulsive efficiency 
than shaft-driven rotcrs, necessitating a high value of 
installed power. 

Recent werk cn  jet-driven rotors centers on the simple 
pressure jet system as discussed in Ref.S. 

The use of a tip jet is a logical means cf frefulsicn 
Ea rotor alsc utilizing a jet flap asa means of lift 
eomtzrol. In fact, a tip jet is more efficient as a means cf 
Bor cropulsion than a jet flap alone. After an analytical 
Mmvestigation, Gray and  Hubbartt concluded that, fcr a 
jet-flap drive with the lccal jet momentum coefficient 
@emstant along the blade radius, the cverall efficiency and 
Кеспе output are about 35% lower than those fcr a tip-jet 
уе. AS the distributicn cf the rouentum ccefficient is 
Mmm@ereaced toward the tip, the perfcorıance of the jet-flap 
ШОШ е approaches that cf the tip jet. 

Thus a rctor which utilizes a large-span jet flap can ke 
nore efficiently propelled ky a tip jet than Су the jet flap 
weit, The incorporation cf a tir jet with a jet flap 
merely involves ducting a portion cf the air tc the blade 


БЕР <о be used for the rotor propulsion. 


G. К<] АР SOTOR £XPERIMENIS 


The nost extensive research on jet-flap retcrs has teen 
Semauctsed by the French firm of Giravicns Dcrand. After 
encouraging results on small jet-flap rotors, а 12-meter 
rotor designated the DE2011 was projected in 1959. Ihis 
rotor was tested in the Ames 40x80-foot wind tunnel and the 
results reported in Ref. 8. Тһе same rctcr was also 


investigated analytically and reported in Ref. 6. 





По Но ИЗЕУ Сааса rotor, driven and ccntrclled 
а jet flap located in the cuter 30 fercent radius cf cach 
Made, as shcwn in Fig. 27. The blades were fixed in pitch 
and the rotor force output sas controlled by varying the jet 
dee ection angle, beth cyclically and rencycliically. 

The jet flap is shcwn in Figure 226. The compressed air 
was ducted through the blade spar and then, by a series of 
cascades, was exhausted out a slot over a short mechanical 
flap. The flow was defiected by deflecting the flap, which 
directed the flicw by the Ccanda effect. 

The basic results c£ the wind tunrel test are shown in 
Figure 29. These plots shew the lift and prcrpuilisive ?сгсе 
Seerricients at advance ratics of 0.30 and 0.51. Ihe limits 
shown for a standard rotor with 3 degrees of twist are due 


Bemeetreating blade stall. Here A, is the ccllective jet 


о 
deflection, and B, the cyclic jet deflection. The increased 
Meee CL the  jet-flar rotcr is evident. As discussed 
eariier, Figure 24 shows the tremendcus capability of the 
ШЕСІ Тар Totcr, both” xg dtt anë in fcrward speed 
Capability. The calculated data, which compare favcrably 
With the measured data, indicate that flight is possible up 
to a speed of 300 knots with a jet-flap rotor, as compared 
With a speed of 200 knots fcr a conventional Ictcr due to 
retreating blade stall effects. 
mee wind tunnel tests cf the DHZ011 rotcr demcnstrated 
ше potential of the jet-flap rotor. Examinaticn cí the 
test results has led to the fcllowing conclusicns: 
ls High advance ratios can ke attained without 
enccuntering retreating Elade stall. 
De The large forces produced rer unit blade area 
exceed  conventicnal Oto Capabilities by 
Taetors On 62 CI rore. 
Ej EN се у пор ЕВЕ “ес Getlecticn angle, roth 
алса Коу Капа nencyelically, 1t is possible to 


попав аксе ре тотот!е force. 
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у, STOWABLE KOTOR AIRCRAFT 


A. GENERAL 


The speed limitations сг the pure heliccpter are 
EU kron, as is its low lift/drag гатіс compared to 
fixed-wing aircraft. 

In order to increase the speed, renge, and endurance cr 
E aircraft and yet  mairtain the єс єп с/ешіпа 
Capability of the helicopter, it is necessary tc increase 
1 с+/агад ratio in forward flight while, retaining the 
rotor system for hovering flight. There are three general 
eem igurations which extend the pericrmance сї rotcrcrait 
beyond that сі the pure heliccpter: 

(1) The compound heliccpter, in which a wing unicads 

the rotor system at high speeds 

EIN Le tilt- rotor, iIinzuhich. the rctor is tilted to a 

propeller mode for high speeds 

(oe Lhe stowaple rctor aircrart, in which the rotcr is 

retracted for high sreeds 

AS shown in Figure 30, the stowable rotor alrcraft has a 
lift/drag ratio much greater than the pure helicopter, and 
Meis сас highest speed capability of any aircraft retaining a 
Memon for hcvering capability. Thus the stowable rctor 
aircraft combines the speed and efficiency cf a fixed-wing 
with the efficient hovering capability cf the heliccfter. 

The potential of the stowable гсісг concert was 
recognized in the обоје and various studies and 
experiments were performed in this area. See References 13 
and 14. 

[erie Stovabple rotcr concept, the  majcr technical 
problem is the rotor start-step process. The majcr problems 


associated with the start-stcp process are: 
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aMDnNMERctOor ccHcEoOL 

КООШО лп апксгав- cust response 

(ІЗ) овог Vibratory 1саад<= 

(4) Aercelastic characteristics of the blades 

Several successful wind tunnel tests have been conducted 
in which rotcrs have been started ard stopped. But the 
problems involved are very sensitive to airspeed, rector 
attitude, and gusts. Tests have concluded that a responsive 
cyclic pitch control must be used to prevent excessive klade 
stresses and flapping during the start-stop process. 

Meng wich the problem of the  start-stcp process has 
been the probiem of folding the rotors cnce stopped. The 
size of typical rotors requires that they be fclded in crder 
to fit inside the aircrart structure. Here is enccuntered 
the prcblem cf aeroeiastic divergence cf the klades, some of 


which may move 180 degrees during the foiding cycle. 


ERA JET-FLAP STOWABLE ROTOCH AIRCRAFT 


The use of a „et-flar rotor as a stowaLle rotor can 
eliminate many cf the proklems asscciated with using a 
Bermyentional rotor in such a design. Such a ccnfiguraticn 
Ше ргсровсей by Kretz in Ref. 4. 

Miera cratt, which іс typical of the stowable  rctor 
Ber is shown іп Figure 31. Designec ісі а VTOL tactical 
Miss Ton, the rotor is used for only a short  rericd during 
takeoff and landing. Maximum speed at sea level is Mach 
95. 

Since the rotor is placed close іс the fuselage, the 
meer provides cniy Toll centrol, while reaction control 
Hewes Provide pitch and yaw control in hcvering flight. The 
rotcr is servo-ccntrolled sc as to remain in a fixed plane. 
EN psng of the rotor, which occurs at an airspeed of 135 
knots, takes only 7 seconds and is accomplished Еу reversal 
пе tip jet. Flapping angle, for gusts up te 20 Крсте, 


does not exceed one degree during the stopping evcluticn. 


69 








Figure J1. 


A jet-flap stowable-rotor aircraft. (Ref. 4) 





The jet flap extends alcng the cuter 50% radius, while a 
tip jet provides rotor prcpulsion. The air flow is ducted 
through the hollcw blade and turned by a series of cascades 
to exhaust out the slot, ас shown in Figure 32. The 
cascades nave very carefully defined shapes, derived frcm a 
series of tests, in order tc minimize pressure icsses. 

ер етен in both vertical and Forward flight is 
provided by a gas turbine, with the air keing ducted tec the 
rotor for  hcvering or tc the nozzle fer forward flight by 
means of a diverter valve. 

The relatively pcor rotcr drive efficiency necessitates 
careful design to minimize fewer losses between the pcwer at 
mimemoas genetatcr outlet and the power at the rotor. This 
loss is essentially due to the pressure loss and can Бє 
defined by a parameter K+ , defined as the difference 
between the total pressure at the gas generator and the 
BOBCF nozzle, divided by the dynamic pressure in the blade. 
The parameter Ky depends essentially cn the duct geometry, 
and thus requires exhaustive testing to oktain the test 
design. Figure 33 illustrates the tremendous influence cn Kr; 
(and therefore efficiency) of the pressure ratic. A slight 
change in pressure rca the optimum severely afíects pcwer 
transmission efficiency. 

Ди ве о the jet-£flar rotor aiicws operaticn of the 
meron at Gisc loadings far above conventional rotor limits. 
шие5е high disc loadings allcw a reducticn in eclidity fer a 
КЕШЕП weight. Thus, іп this conficuration a two-bladed 
Bor, With a diameter of 12 meters, is able to lift a 
weight of 26455 lbs. Ihe obvious advantage oi the 
СЕР телу short, two-bladed rotor is that blade folding 
becomes unnecessary in crder to stow tke rotor. 

Mae Capability for arbitrary cyclic variaticn cf the jet 
EENUection angle allows for precise certrol cf ferces on the 
ШЕШСЕ during the start-stop cycle. Thus, blade flapping сап 
Memecntroliled at any Ifa. 
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Донині е егар rotor 1S relatively heavy, its 
torsional rigidity eliminates the  aeroelastic protlems 
associated with the start-stop process. 

The stowable rotor design exhikits a number cf cther 
advantages. Because of the jet flap, the retcr is fixed in 
pitch, making the rotor a very clean design. Since the 
rotor is jet-driven, no anti-torque device is necessary. 

The major advantages of using the jet-flap rotcr rather 
than a conventional rotor in a stcwatle rotor design are 
listed in Figure 34. It is evident that the use of the 
EX 16р rotor allows the simplicity іп the aircraft design 


descrited. 
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ӨӘЗШІКЕр РИС ROTOR - 


@ TWO BLADED HIGH SPEED ROTOR. 


@ ALLEVIATION OF FATIGUE AND VIBRATION 
IS SS A ECTS CONTROL. 


Жо КООН CAPABILITY BY CONTINUOUS 
иселе CrerOnGes ON THE BLADE. 


@ ELIMINATION OF AEROELASTIC PROBLEMS 
= о ШЕ ОО T IN TORSION: 


Suo СПОКо ВЕАБЕ. 


© ALLEVIATION OF WEIGHT BALANCE 
PROBLEMS OF THE BLADE. 


ВОЗОМ CONTROL FORCES. 
9 VARIABLE R.P.M. 


ONO ANTITORQUE DEVICE. 


Figure 34, 
еее о ehe iet flap rotor. (Ref. 4) 
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ҮШ JET- PLAP ПОТОК HOVER ANALYSIS 


А. BACKGROUND 


In order to make intelligent performance calculations of 
aircraft, it 15 necessary tc calculate its fuel 
consumption, which is based cn the installed pcuerplant and 
its power setting. For the case of jet-powered rctcrs, the 
determination of the required powerplant requires a 
knowledge of the air mass flow necessary to supply the rector 
jets. 

A clance at the power required curve of Figure 10 shows 
that the greatest power is required ina hover. The pcwer 
require at high airspeeds is disrecarded here, since a 
stowable rotcr aircraft is designed to operate the rIctcr 
eevee in the low-speed flight regime. Thus, fer a jet-flap 
БОШОТ оп а stowable rotor aircraft, the critical fewer 
requirements cccur in hcver. For this reason, this study is 
limited to the analysis cf the jet-flap rotor in the 


емесі опа flight condition. 


БЕЙ GSNERAL DESCRIPTION 


AS stated earlier, it was necessary to first calculate 
ОШ К атг mass flcw requirements for the rotcr in order to 
determine a Suitable powerplant. This was done using a 
computer program which used the classical Elade element and 
momentum thecries, modified for the inclusion of jet-flap 
characteristics, to obtain required gomentum coefficients 
ШОТ К а specified rotor. 

The theory and equaticns used in the ccmputer prcegran 
are described in Appendix A, and a detailed descrirticn cr 
the computer program is contained in Appendix B. A listing 
Or the program and а sample cutput are contained fcllcwing 


Appendix C. 
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ДИО <= песен риса 0: the methcd of obtaining the 
performance of the jet-flap rotor follcws: 

ШІ Іпе Баас готог qgeomerry and cperating conditions 
were input to the pIcgran. 

(2) The program used two major iteraticn iccfs to 
obtain the required jet-flap momentum ccefficient 
and torgue coefficient, as described in Appendix Р. 

(3) These two coerficients were used to ortain the 
required air mass flow (in pounds cf air per 
Second) Dy the nmetcicd described in Appendix C. 

(4) Using the air mass flow  recuirement, a suitable 
powerplant was selected, which in turn determined 


the fuel consumpticn. 


AS SUM PTIONS 


The blades were assumed tc have a ccnstant chcrd with a 
eomme tant NACA 0012 airfcil alcng tne span. A linear washout 
СЕ 8 degrees from hub tc tip was used. 

The distribution of jet-rliap momentum was specified as 
сапе along the kilads. Thus, the jet-flap momentum 
coefficient varied as the square cf the radius. As 
concluded in Ref. 7, this distributicn achieves the rinimun 
total jət-flap acmentum required. 

Бау апа Hubbartt concluded that the collective fitch 
angle for minimum jet-flap momentus is clcse to that 
ШОО сеа with a zero angle of attack at the blade tips. 
Therefore, the pitch angle used in the prcgram sas chosen to 
achieve appreximately a zerc angle cf attack at the tip 
section. 

The jet-flap rotor computer program was used tc analyze 
the rotor jet momentum coefficient as a functicn cf the jet 
deflection angle. The results are shown in Figure 35 fcr 
the stowable rctor aircraft described in the preceding 
section. Since most of the reduction іп C;, is obtained at 
a jet deflection angle of 50 degrees, this value was used in 


the sursequent analyses. 
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Figure os. 


kotor momentun Coefficient as a function 
of jet deflection angle. 
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D. PRCGRAM VALIDATION 


Various runs were made using data pcincs frcm the charts 
of Ret.7. Тһе program results agreed with thcse of Ref. 7 
within 5%. This is a gocd agreement, since the equaticns 
used in Ref. 7 were not identical to thcse developed by the 


author in Appendix A. 
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GENERATOR COMPARISONS 


ЕРЕ ГГІЕТ СЕЧЕКАТОН ТІРЕ5 


There are four major methods of providing the thrust 
Meeessalry for vertical flight: lift engines, lift fans, 
rotors, and ejectors. Each cf these methods is described іп 
detail below. 


fe) Litt Engines 


a. Description 

A Ver engine 15 а relatively small, 
self-ccntained jet engine which is mounted vertically and 
Mendes lift by direct jet reaction. A typical lift engine 
has a thrust/weignt ratio cf 16 as compared with a cruise 
engine which tyrically has a thrust/weight ratic ci less 
ШЕП 10. Specific fuel consumption is higher than fcr most 
cruise engines. 

The relatively small size cf 1ift engines allows 
them to be conveniently placed within the aircraft fuselage 
and thus can previde a vertical lift capability with minimum 
impact cn an aircraft design. 

D. Examples 

Few successful lift engines have been develcred. 
E cdominant lift engines have been the rellis-Royce RE.108 
and RB.162 series, which have been used cn such  VICL 
aircraft as the VFW-Fokker VAK-1913B, the Dornier DC.31E, and 
the Dassault Mirage 3V. 

The RB.102 has a ó-stage axial compressor anda 
Single-stage turbine drive. It operates at a pressure ratio 
ШӘ 5 With an air mass flcw of 85 lbaysec. It weighs cnly 


375 pounds yet develops 6000 pounds of static thrust at sea 
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Eu Specific fuel ccnsumption is 0.96 1by/letyanr. With a 
diameter of 29 inches and a length of t8 inches, it cccuries 
a volume of only 22 cubic feet. 

с. Development 

The trend of engine develcpment is shcwn in 
Pegure 36. Lift engines have a significantly higher 
thrustyweight ratio than cruise engines. 

In Figure 37 the development of the Rclls-Rcyce 
lift engines is shown. The significant improvement in 
thrust/weight ratio and engine volume is evident. The third 
engine shown is a proposed lift  encine fcr future VTOL 
ENECTart. There is little doubt that signiricant 
inprovements in lift engine performance are pcssitle given 
sufficient incentive. | 

The problem in lift engine develcprent is tne 
tremendous ccst in time and money necessary to achieve a 
reliable new design with significant improvements over past 
designs. The present state ог УТСІ development has not 
provided sufficient stimulus to develce the next generaticn 
of lift engines to succeed the RB.162 series. 

а. Advantages and Disadvantages 

АН те engine, сап antrecuce а vertical lift 
а о ту 1пбо ап ашгстаіі fith a minimum of design eifcrt. 
However, the lift engine has a high fuel consumzpticn and the 
weight of the fuel required beccres реонавземує Тост 
Operation in excess of a few minutes. 

Another serious cisadvantace of the lift engine 
is its external characteristics. The RE.162 has an exhaust 
velocity of 2000 feet per second witk a temperature cf at 
Ber: 1500° Р. 9 “5 den Chic E the v fcctprint 
 агастггісіісев of a lift engine aircraft weuld certainly 


limit its operational envircnment. 
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ЕЕ Fans 


а. Description 

ДУЖИНЕ ав 15 шсипсей herizontaliy іп the wing 
or fuselage so as to provide vertical thrust. A lift fan 
can be tip-driven by ducted turbine exhaust, as in the Ryan 
XV-5A, or can be mounted axiaily and criven by the turkine 
itself, such as the proposed &B.202 turbcfan. 

The use of a cucted fan prevides fcr the 
amplification of the basic jet exhaust. Typical values of 
thrust amplification (fan thbrust/engine thrust) range from 
1.8 to 2.8. The fan thrustyweight ratio typically ranges 
ЕШ 15 to 20. 

b. Examples 

The lift fans used in the XV-5A are tip-driven 
by ducted exhaust Iron the two cruise engines. These fans 
paucvuidce a thrust augmentaticn of 2.5. 

ihe Rolls-Royce susc A0 is a propcsed 
self-ccntained lift fan which uses a compressor ccre to 
mye a frort fan. ИК Ва “ЕЛПІШЕс о: 13000 Feunds апа а 
ШИ о: 865 pounds, a thrust/weicht ratic сі 15 is 
achieved. This engine has a low specific fuel consunftion’ 
of 0.45, making it a much more efficient  hcvering device 
than the lift engine. 

с. Development 

Advanced lift fans such as the RE.202 are 
Memediniy possible if, as in the case of the lift engine, 
бо слеплпе incentive exists. A major technical ¡protlem in 
the development cf lift fans is their performance at forward 
 ересі during transition. With the ccmplicated crcssflow 
КЕТ пс across the fan and the aircraft structure, a 
tremendous testing effort is involve to achieve a gocd 


design. 
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d. Advantages and Disadvantages 

The major advantage of the lift fan is its 
Buust augmentation СЕ the basic Jet thrust, and the 
resulting efficiency over the lift engine. Ancther 
Important advantage is its footprint characteristics, as 
Eu in Figure 38. The use of a fan instead cf a lift jet 
decreases the exhaust velocity and temperature 
баца icantly. 

However, a lift fan is relatively vcolumincus and 
E be placed either within the wing, as in the ХУ-5А, or 


in the fuselage where it occupies a relatively large voiure. 
ЕШ Rotors 


а. Description 
Tne rotor is certainly the mcst widely used VICL 
device, because of its hovering efficiency and its lcw 
downwash. A rotor produces a typical thrust augmentaticn cf 


15 as compared with 5 for a gcod lift fan. 


Conventional retcrs are cear-driven frcm a 
ШЕБІ огссатіп4 ог turbine pcwerplant. As discussed earlier, 
ancther means of rotor ргсрчізіоп 15 the jet-driven retcr. 


Conventional rctors use collective and cyclic 
Mate pitch control to contrel the magnitude and direction 
сло rotor thrust. хат Батан ЗЕССОГ 15 регељрје if 
ОГ forces are contrclied by actuaticn of a jet fla cr by 
posuse of circulation coentrcl. 
b. Examples 
Conventional rctcr systems are quite familiar 
and will not be discussed here. A summary cf conventicnal 
and advanced rotor designs can be found in Ref. 15. 
c. Development 
Conventional rotor systers have been under 
constant improvement for mcre than four decades. Advanced 
Concepts such as the advancing blade concert, tae 
Seeediation control rotor, and the ‘jet-flap rcter have teen 


Or are being examined as well. 
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The development of an advanced retor concept 
such as those mentioned wculd certainly require a  zajcr 
undertaking at a considerable cost in tine and mcney. 

d. Advantages and Disadvantages 

The conventional rotor has the obvicus advantage 
of being a highly-refined system, with an inherent hcvering 
efficiency. 

The footprint characteristics of a rctcr are far 
less severe than even those of the lift fan. With а low 
downwash velocity and no temperature increase, the 
Eorcraft is capable of operating in virtually any 
environment, while lift fans and lift jets are limited in 
their operating terrain. 

The conventional rotor does not lend itself to 
application tc aircraft as an easy means of previding VTCL 
Sepability. The bulk and weight of the rctor and its 
associated controls and transmissior systems require а 
dedicated design process fcr its  inccrporaticn intc an 
ШО а. In vertical flight, the aircraft is burdened with 
the additional area of the rotor disc; and in forward 
flight, with the speed restrictions inherent іп а Bd 
design, unless aC oOo pound, storbpred,. or stowed  rctor 


configuration is used. 


4. Ejectors 


a. Description 
An ejector uses a central jet to entrain ambient 
air whcse acmentum prcvides a thrust augmentaticn cf the 
primary jet. A simple ejector is shcwn in Figure 39. A 
core flow is ejected, which entrains a seccndary flow 
through the diffuser. The increased acmeatua due to the 
Secondary ficw provides the thrust augrentaticn.  Therefcre, 


the greater the entrainment the greater the augmentaticn. 
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Figure 40. 
Lockheed XV-4A ejector system. (Ref. 1) 
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The degree Cf entrainment is directly 
wC tional to the amount cf mixing cf the primary and 
secondary flows, and to the length of the dirfuser. A 
design goal cf the ejector is therefore to have fully mixed 
flow at the diffuser exit. 

Tbe characteristic Parameter of the etectcr is 
the thrust augmentation ratic, Ф , wkich is defined as the 
thrust produced by the ejectcr divided Ey the thrust which 
would te produced by an isentropic expansion cf the same 
mass flow to ambient conditions: Analytically, the 
augmentation ratio is given by 

zen | 
(MY. 
where T is the thrust preduced by the ejectcr, € is the 
density, V, is the velocity of the nozzle with tne shrcud, 
апа ў, is the velocity of the nozzle without the shrcud. 
The difference between Vu and V ^ is due tco the different 
outlet pressures with and without the shrcud. 

mests al” ejecuwers suitable for  installaticn in 
VTOL aircraft have been shown to be capable of augmertation 
ues of 1.2 to 1.6. 

b.  Exanples 

An ejector system was used in the Lockheed ХУ-ЧА 
Shown in Figure 40 which achieved an augmentation ratic cf 
Meee ine intakes and sjectcrs occupied a majer pcrticn of 
the fuselage. 

A different type of system is used in the 
BucEweTII XFY-12A, which inccrporates the ejectcrs intc the 
шешата and wing structures as shown in Figure 41. Jet 
exhaust is ducted to tne central panel where it is ejected 
through a nozzle and used as the primary flow. The diffuser 
is formed by two panels аһісі, Еу their movement, сап 
ШО ате the thrust produced for ccntrol purposes. ATI 
three ranels move in a coordinated manner during transition, 
so that in forward flight the panels are flusk with the wing 


surfaces. 
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с. Development 

Very little practical experience has keen 
@otained in the use Of E€jectcrs in aircraft. Ejector design 
15 essentially an empirical process, since thecretical 
modeling methods are nct available for all but the simplest 
ОО шр ед. During transiticn flight, the flow field cf an 
ejector is a complicated three-dimensicnal flow which is 
impossible to model as cf yet. 

Aircraft ejectors are necessarily limited in the 
length of the diffuser, and therefore must emphasize mixing 
to enhance entrainment of a maximum cf secondary flow. 
Various techniques have been proposed tc increase mixing, 
ЕВ ав hypermixing nozzles, swirling, accustic stimulation, 
and forced oscillation. A major area cf ejectcr deveicrrent 
is the investigation of these techniques to increase 
entrainment. Thus, the design of ejectcrs is Mom 
well-developed and is a very time-corsuming process. 

d. Advantages and Disadvantages 

The principal advantage of the ejector system is 
its relative simplicity. In an ejector system there are few 
moving parts and little weight involved. It appears to te a 
rather elegant means of providing thrust augmentaticn. 
However, the incorporaticn cf an ejectcr system inte an 
aircraft requires extensive design werk. Ducting is 
reguired for the primary flcw from the turbine, and inlets 
are required fcr the secondary flow. If tne ejectcr system 
is located in the fuselage, as in the XV-4Aa, it will occupy 
mmeeogmiticant volume. If incorporated in the wing, as in 
the XFV-12A, extensive  ducting Dc то ан ке је with 17S 
attendant losses. 

The ejector system has footprint characteristics 
Si аг бо thcse of the lift fan, since the khkct exhaust core 
flow is mixed with ambient secondary air. in tnis regard 


mb 
the ejector is preferable tc the lift ‘et. 
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It should be remembered tkat the ejectcr can 
produce a thrust augmentaticn of 1.6 at best, ccmpared with 
Вог а lift fan and 15 for a rotor. In this regard, the 
ejector may not seem efficient. However, the ejectcr does 
not require a separate powerrlant, as do many other systems, 
since it uses the powerplant exhaust as the core flcw. 
Although the powerplant would thus іє operating at near 
maximum conditiors in a hover, it would rrobakly be dcing so 
in any other eontietkraclon also. Many GE these 
Bonzigurations would use the thrust of the primary 
powerplant ina hover, plus an auxiliary system tc rrcvide 
EMO tional lift. 

The use of ducted exhaust frcm a main rcwerrlant 
is alsc used in the XV-5A, in which the gases are used to 
Bewer tip-driven lirt fans, providing a thrust augmentaticn 
o MAPE 

Despite the relatively lcw augmentaticn ratio 
availatle with an ejectcr, its siuplicity makes it a 


promising lift system for the future. 


B, meer GENERATORS AS AUXILIARY LIFT DEVICES 
т» Introduction 


For this secticn, it was desired to investigate the 
ено: а lift generatcr as an auxiliary lifting device for 
hover. It was desired to @cdify an existing conventicnal 
w Tait to a VTOL aircraft. The cruise engine was umcdified 
by a movable nozzle to alicw operaticn as a lift/cruise 
engine, providing ШЕГЕ О ес Все Гог hover. The 
remaining thrust necessary fer hover was to ke prcvided by 


eher a lift jet, lift fan, or a jet-flap rotcr. 
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2. Assumptions 


Assume a high-sukscnic tactical aircraft with a 
mieust /weight ratio of 0.6. The aircraft has a grcss weight 
of 25000 pounds and is powered by a turkcfan engine with a 
ШИШ агу rating of 15000 pcunds thrust. The engine has a 
mecitic fuel consumpticn of 0.63 1by1ttyhr. 

Assuming a VTOL version of such an aircraft, a 10% 
margin of thrust available 15 required fcr contrcl and 
acceleration in a hover. Therefcre tte thrust required is 
1.1 times the weight, or 27500 pounds. 

If the same cruise engine is mcdified with a mcvable 
лаје so that its thrust can be deflected dcwnward in a 
hover, then assuming a 2% turning loss, the downward thrust 
wie ре 14700 peunds. The weight of the deflector is assumed 
here to be contained in the weight of the basic aircraft. 

IO ОГ о Bover, then, an  additicral thrust cf 
(27500 - 14700) = 12800 rcunds must be generated. In 
additicn, the extra weight cf the lift generator systen, 
Mids 10%, must ke added tc this. Therefore, the auxiliary 
Meee generator must supply thrust tc lift 12800 pcunds plus 


its own weight times 1.1. 
ee Computations 


ae Litt Engines 

Assume that the additional 12800 rounds сЁ 
Eust comes from RB.162-81 lift jets, which fpreduce a 
maximum of 6000 pounds thrtst and veigh 375 founds é¢ach. 
The RE.162 has ӘС реси оце | сбггйтс®1сп ei 40756 
1.9 eot/hr. 

It is assumed that three lift jets will te 
required, tc be operated at less than maximum thrust. 
пе сске, the additional weight is (3 x 375) = 1125 pounds, 
Acne additional thrust required is (1125 х 1.1) = 1238 
піс. The total tnrust required is therefcre (12800 + 
1238) = 14038 pounds. 
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Assuming the cruise engine 1s operated at 
Maximum thrust, its fuel flew is (15000 х 0.63) = 9450 
lb/hr. The fuel flow cf the lift engines is (14038 x 0.96) 
EN J3S4 76* 1b/hr. The total fuel flow is therefcre 22926 
Poy hr. 

De Lift Tans 

Assume the additional thrust is supplied by 
68.202 lift fans, which prcduce 13060 pcunds thrust and 
weigh 865 pounds each. The RB.202 has a specific fuel 
consumption cf 0.45 1b/1bt/hr. 

Поток taO fans will te required, for a tctal 
additicnal weight of 1730 pcunds. The additional thrust 
реңцігей 15 (1730 х 1.1) = 1903 pounds. The total thrust 
required is therefore (12800 + 1903) = 14703 pcunds. 

The fuel flow cf the lift fans is (14703 x 0.45) 
= 6616 lb/hr. Adding this tc the cruise engine fuel flew cf 
ШЕТ ІІ/іг, the total fuel flcw is 16066 lb/hr. 

cae Jet rlap ЗОСОГ 

Assume a jet-flar rotor is used tc supply the 
adarticnal thrust required. It will use a separate 
powerplant tc suppiy the air flow necessary Ісі the jet flap 
Mercer rotor propulsion. Envisionece is a configuration 
Similar to that proposed by kretz and déescriked previously. 
However, to maintain continuity in this study, the cruise 
engine exhaust will be used as the primary lifting device. 

For this lirt generator, there are two main 
ponbvonents, the rotor and the gas generator. Ihe jet-rlap 
Ru described by Kretz had а radius cf 19.7 feet, a chord 
of 4 feet, and weighed 2425 pounds. Бу scaling dcwn this 
Beene tO a radius of 18 feet and a chcrd of 3 feet, a weight 
of 1773 pounds was obtained. It was desired to make the 
rotor as smaii as possible, yet remain practical. Using the 
¡Sa E rotcr  coüputer prcgram, it was found that  rctor 
dimensions smaller than this required very high cisc 


loadıngs and high air mass flcw rates. 
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тће selection СЕ the gas generator was 
determined by the mass flcw requirements of the retor. For 
the range of mass flow rates considered, the GE1 turtojet 
was selected as the gas generator fcr the rotcr alcne. Тһе 
GE1 operates at a pressure ratio of 11:1 and can supply an 
air mass flow of 77 lbu/sec and a thrust of 500C pounds. It 
weighs 700 pounds and has a specific fuel  consumticn of 
EU IE/lbt/hr. 

The rotor anā encine thus weigh a tctal cf (1773 
* 700) = 2473 pounds. The additional thrust required is 
У x 1.1) = 2720 pcunds. The total thrust required Is 
 ветегсге (12800 + 2720) = 15520 pounds. 

The computer  prcgzam was used to determine the 
mass Ilow requirements. Есі the specified rector and the 
desired thrust, a mass flow rate of 4843 1Еп/сес is required. 
The computer prcgram results are located in the  prcgram 
output secticn, and the mass flow calculations are shcwn in 
Appendix C. 

Since a mass flcw of 43 lbm/sec is required, the 
gas generator can be used in а derated conditicn. At 80% 
operation, the gas generatcr will procuce abcut 4C06 pcunds 
ENEUDEUSt, SO that its fuel £low will be (4000 x 0.70) = 
EUSULD/hr. Adding this tc the cruise engine fuel flew of 
EDUC Lr/hr, the total fuel flcw is 12250 1lb/hr. 


4. Fuel Consumpticn Analysis 


By knowing the fuel consumption of each of the three 
configurations, a compariscr among them can ke made. The 
ruel flows ci each configuration are summarized in Figure 
42, which 15 а graph cf fuel used as a furcticn cf hcver 
time. The slopes of the curvas are indicative or the 
relative fuel flows cf each configuration. As сап te 
expected, the lift engine has tae hichest fuel flcw while 
the rotor has the lowest. О ас the fuel flew cL the 
lift engines is greater than that of tte lirt/cruise engine, 


while tha lift engines are delivering less thrust. 
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5. Weight Analysis 


Hore revealing than simply fuel ccnsumption wculo Ее 
me study of total lift system weight, that is, the weight 
ШЕ) tue Lit system compcnents plus the weight cf the 
required fuel. In Figure 43 is shcwn the relaticn of the 
ШІ загу Lift generator weight plus its required fuel as a 
functicn of hover tine. 

Figure 43 reveals the tremendous influence of 
hovering time on required fuel weight. The prcrosed mission 
hovering time is of great importance in determining the most 
efficient lift generator. Есі short hover times (less than 
5 minutes), the lift engine is most efficient as a lifting 
system. The lift engine's lcw component weight rakes it tne 
Mere choice until at lenger times its high fuel ccnsunpticn 
degrades this advartage. The rotor, On tha othar nana, is 
most efficient for lcro kcvering times (greater than 12 
Minutes), since its lcw fuel consumftion is advantageous 
here despite its nigh  compcnent weigtt. The lift far is 
most advantageous in the rerge of hover duraticn СЕ Егсш 5 
ШТА кіпібеє. 

Pome a typical 4161 mission requirement cf 1.5 hcurs 
of cruise and 8 minutes cf hover, the engine and fuel 
weights are shown in Figure 44 as a percentage of grcss 
weight. It is interesting tc note the percentage сі fuel 
required for an 8 minute hover. For the iift engine 
Semraguration, a greater percentage of fuel is required to 
hover for 8 minutes than is required to cruise for 1.5 
hours. It should be noted that if specified hcvering time 
were increased cr decreased, the relative percentage cf lift 
component plus hover fuel weight  wculd change as shcwn in 
Figure 43, 

Пише реса шава В тігісес от hovering time, which is 
typicai of VTOL requirements, Figure 42 reveals that the 
difference between lift systems is swall, based cn weight 


considerations. 
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6. Summary 


This study concerne itself with the use of a lift 
generator as an auxiliary iift device for hcvering only, 
supplementing the vectored thrust of a lift/cruise engine. 
As an auxiliary lifting device it appears toe jet-flaf rctcr 
is not advisable, unless the hover duration is longer than 
approximately 12 minutes. Moreover, for a tactical VTOL 
vehicle the hover duration will certainly be kept as short 
as possible to save reguired fuel. ТЕ Litt. jet ce slice 
fan seems the best choice fcr a lift generator. 

The physical characteristics cf the system must be 
ems dered as well. The inccrporation of a lift jet cra 
lift fan into a VTOL design would not drastically alter a 
good cruise design. Homwemer, the Inccrrcraticn of а zotor 
would require an extensive dedicatec design effcrt to 
Пије the rotor. 

Therefore, despite its high fuel consumpticn, the 
lift engine is seen tc be the best ctcice as an auxiliary 
lift generator for a tactical VTOL aircraft, based cn weight 


considerations. 


Es ТЕТ GENERATCRS AS ERIMAEY LIFT DEVICES 
ME Introduction 


In this study it was desired to evaluate the 
effectiveness of using a jet-flap rotor as a primary liíting 
device, as ccmpared with other lirt generators. The cruise 
engine could be used as the main powerplant for hcvering 


Mat, OF Separate prcpulsicn systems cculd be used. 


2,  Assumrrticns 


An aircraft was chosen similar to the one used in 
the previous section. For hcvering, a thrust/weight ratic 
Шен was necessary, tnus tte thrust required fcr the 25000 


pound aircraft was 27500 pounds. The eircraft is assumed to 
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шссоктетеа Буа turbofan which weighs 3313 founds. Есі a 
eomziquration which requires a lift generatcr in excess of 


this weight, the excess weight increases the grcss weight. 


ВЕ Computations 


a. Lift Engines 


Assume the required thrust is prcvided by five 


RB.162-81 lift engines. This tnen prescribes an extra 
weight of (375 x 5) = 1875 pounds, which therefcre requires 
Additional thrust of (1875 x 1.1) = 2063 pounds. The 
total thrust required is therefore (27500 + 2063) = 29563 
pounds. Using the specific pue ción SimpPeELca. СІ” 0.96 
ШИ о /лг, the fuel flew is therefore {29563 x 0.96) = 28380 
Ihr. The cruise engine dces nct provide any vertical 


ое 1n this ccenfigurarion. 
D ife Fans (Integral) 

Assume the required thrust is prcvided Бу 
integral lift fans such as the 28.202 fan described 
previously. Using two RB.202 fans, the extra weight is (865 
БИ 1730 pounds, so that the required extra thrust is 
EE) x 1.1) » 1903 pcunds. The total thrust required is 
therefore (27500 + 1903) = 25403 pounds. Using the specific 
ПИ consumpticn of 0,85 1byibt/hr, the fuel flow is 
therefcre (29403 x 0.45) = 13231 lb/hr. Tne cruise engine 
Bees oct prcvide vertical thrust in this configuration. 

Be Liessranes(Tip-Lriven) 

In this configuration, lift fans are used which 
are tip-driven by ducted exhaust frem the cruise engine, es 
m the Ryan XV-5A. Мере шеше са separate powerplant- for 
vertical flight is not required. However, the cruise engine 
must therefore operate in a hover tc drive the fans. 
Шаша па that two lift fans total a weight с: 1800 pcunds 
БИ спе ducting a weight cf 500 pounds, an extra weight cf 
2300 pounds is required. Since the cruise engine provides 
the prcpulsion for the fans and it is assumed to cperate 


Meee ftuil power, the fuel lcw is therefore 9900 1t/hr. 
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qo rrjectors 
lu Doe On guration, the exhaust cf the cruise 
engine is used as the primary flew in the  ejectcrs. 
Therefcre the only extra weight is that of the ducting and 
the ejectors themselves fcr a total weight ct 500 pounds. 
The fuel flow is due to the cruise engine and is 9900 lrb/hr. 
e. Vectored Thrust 
ТП те Configuration, an tprated version of the 
Pegasus 15 engine, rated at 24000 pcunds thrust, is used to 
ЕУ the 27500 pounds of thrust required, for a weight 
approximately that of the cruise engine. Thus, essentially 
no extra weight is required for this configuraticn. The 
fuel flow is that of the lifitycruise Pegasus engine (27500 x 
ШЕШ = 16500 lb/hr. 
је јар Rotor 
The gross weight of the Kretz-propcsed stowable 
ош азгсга is 26455 pounds.  Therefcre, the rotor weight 
ӘП 2125 pounds will be used for this configuration as well. 
Using the computer program fcr this aircraft, a mass flow 
rate of 100 lbm/sec was fcund to be required. Ihe cruise 
engine could supply tnis mass flow even in a  derated 
Semaition. If operated at two-thirds thrust, the engine 
mel flow is 6600 lb/hr. Менес си сиса ет the extra 


де is that of the rotor, 2425 pounds. 


4. Fuel Consumpticn Analysis 


The weight of fuel used in relaticn tc hcvering time 
is shown in Figure 45 for the various configurations. The 
ЕИЕРЗЕ GCL each curve is its fuel flow. The graph ccnfirnms 
the discussion earlier on the relative fuel ccnsuaptions cf 
various lift generators. The jet-flap rotor has the lcwest 


fuel flow, while the lift engines have tke hichest. 


5. Weight Aralysis 


Fuel consumpticn alcne is net an effective measure 


Шейспе relative merits of a particular configuraticn. Тһе 
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ЕВЕ ОЕ the lifting systems, including the fuel required, 
must be examined. Figure 46 graphs the relaticnshi of the 
total lifting system weight with  hcvering time. The 
components necessery ror hcvering only are considered ir the 
weight, including the fuel required. That is, the weight cf 
the cruise engine is not considered even if it is used to 
supply hovering power, since it is included in the tasic 
weight as the aircraít powerplant, anc is not ccnsidered as 
extra weight required for hcvering. 

It is evident frcm Figure 46 that the low extra 
weight of the ejector and vectored thrust systems gives them 
the overall weight advantage cvér other lifting systems. In 
fact, although the vectored thrust system has the highest 
fuel consumpticn next to the lift engine, its low extra 
weight, besides fuel, gives it the advantage fcr low 
hovering times. 

Except for the ejectcr and vectcred thrust systems, 
all the lifting systems have extra weichts, besides fuel, cf 
approximately 2000 pounds, The extra weight cf the ejectcr 
system consists of ducting and the ejectors themselves, 
и for the vectored thrust it consists of only nozzles, 
which are included in the weight cf the Pegasus engine. 
Both of these systems can crerate for abcut 8 minutes before 
ment Otal system weight Legins to apfrreach that cf cther 
lifting systems. 

For hovering times in excess of 15 minutes, the 
vectored thrust system loses its advartage tc the jet-flap 
DOr because of its high fuel ccrsumpticn. The fuel 
consumption of the ejectcr system and jet-f£iap rotcr are so 
close that this nas little effect cn their relative 
Standings. The dominant factor in the ejectcr's advantage 
is its low kasic weight. The high fuel efficiency cf the 
ПОЕ аз rotor 1S not an overriding advantage because of the 


weight of the rotor required. 
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6. Summary 


This study examined the relative efficiercies of 
lifting systems used as primary lifting devices. As a 
Emery lifting device, it was found that the jet-flap 
ос (= nich fuel efficiency is not a significant factor, 
because the weight of the rctcr has a regative impact on the 
system's overall weight. 

It was found that the two systems with the lcwest 
total system weights were the ejectcr and vectored thrust 
Systems. Despite their high fuei corsumpticns, their low 
Dasic system weights were cf overriding impertance in their 
low total system weights. 

Aka ctical VIOL aircraft will certainly require спіу 
a minimum hovering time in order to save оп fuel 
consumption. For hover durations of less than 8 minutes, 
the two systems of lowest tctal weight are the ejectcr and 
vectored thrust systems. 

However, weight considerations are only one area cf 
ШОО tradecffs. Other sigrificant areas include foctprint 
characteristics, ease of system integration, and develcuent 


status of the lift generatcr tecnnolcgy. 


DAD E SCUSSICN 


It is evident from the previous sections that the 
potential usefulness of a lift syste cannot be based corn any 
Single criterion, such as fuel consumpticn. Each system has 
155 advantages and disadvantages, sc that ап cverall 
assessgent is necessary. 

The theoretical potential of a system must Ее ccnsidered 
with its practical potential tc determine its cverall 
effectiveness. The theoretical potential of a system is its 
ability to act as an efficient lift system, and can be 
measured by such parameters as fuel eificiency, weight 
characteristics, and ECetprine characteristics. The 


Киша са! potential of a system is its ability tc Бе 
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effectively used, given the present state of the art, and 
can be measured by such parameters as development status, 
test experience, and its ease of integraticn into the 
aircraft systen. 

The potential of five lift systems was examined and is 
presented in Figure 47. Each system was rated in each area 
Во теп a numerical score cf 1, 2, cr 3, with 3 being the 
best rating. Each system was then assigned a score for its 
theoretical and practical  rctential as an effective lift 
System. The higher the sccre, the creater its potential 
effectiveness. 

It is interesting to nctice the difference between a 
System's thecretical and practical potential. For instance, 
the lift engine had the lowest theoretical pctential yet had 
mmemmrgnest practical potential. It is recognized that the 
lift engine has a high fuel consumpticn and high exhaust 
velocities and temperatures. Yet it Бас been used in many 
VTOL eonfaqurations, has been develcred to a 
second-generaticn level, and can easily be integrated into 
an aircraft design. Therefore, taking all’ things into 
consideration, the lift encine presents a very practical 
means cf providing VTOL caparility at the present time. 

Ancther system which has a high disparity between its 
theoretical potentiai and its practical potential is the 
EE flap rotor. По ниша што п све са“ rctential as a lift 
system nas been shown previcusly. However, its aevelofrent 
has been limited te wind-tunnel rotor tests. Thus, a systen 
of great theoretical effectiveness is simply not practical 
for use at the present time. 

Mission requirements can also play an impertant fart in 
the selectior of a lift system. For example, if a mission 
called for VIOL operation frcm uninprcved terrain, the use 
of lift engines is almost surely imrpractical. In this 


situation, the jet-flap rotcr may becore the kest choice. 
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This study assumed that the weight cf the vertical lift 
system was that used for vertical thrust  alcne. The 
lift/cruise engine was not included in the weight since it 
was used in forward flight and therefore was nct "extra" 
weight. If a jet-flap rotor were stopped in flight and used 
as a lifting surface, as in the X-wing concept, then it too 
would not be included as "extra" weight. In this case the 
jet-flap rotcr would de a very efficient syster, serving as 
a lift system in both vertical and fcrward flight. 

Іп =овдагу, it appears the jet-flap rotor is not the 
best choice fora lift system when the hover duraticn is 
only a few minutes, as for a tactical VICL aircraft, because 
of the relatively high basic weight cf the retor and the 
fact that the integration of the гсісг  wculd assume ап 
overriding impcrtance in the physical design cÊ the 


Arc rat. 


ПО 





VETE сей Ж ней Б> 


This study has led to the following ccnclusicns: 


1. The specified missicn hover duration is of great 
importance in the selection cf a lift ceneratcr. 

2. Through the use of a simple computer analysis, it is 
possible to predict the air mass flew requirements fcr a 
Beecified jet-flap rotcr. 

ЕШ ine jet- flap rotor has the lowest fuel ccnsumEticn 
of all lift generators considered. 

пе тле Jjet-rflap rotor is the least-developeä cf the 
lift generatcrs considered. 

5. The relatively high weight of the rctcr makes the 
jet-flap rotcr unattractive unless tbe hover duration is 
Long. 

КИШ AS an "auxiliary liit generator, the  jet-flap rctcr 
is the most efficient device спіу when the ncver duraticno is 
greater than approximately 12 minutes. 

Ел а Primary litt generator, the  jet-flap rotcr is 
less effective than both the vectored thrust and the ejectcr 
Systems because of its high rector weight. 

8. Based on weight consideraticns alcne, the jet-flap 
rotor is not advisable for use in a tactical VICI aircraft. 

9. If emphasis is placed on operaticnal characteristics 
such as downwash velocity and temperature, tbe use cf a 
jet-flap rotor шау become desirable despite its weight 


penalty. 
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APPENDIX A 


MEA PORC TOR. THEORY 


The jet-flap rotor hover analysis ccmbines classical 
blade element and acıentus theory with twe-dimensicnal 
jet-flap characteristics.  Кєїегепсе 16 descrikes the rasic 
tlade element and momentum theories. Reference 7 descrites 
the influence of the jet-flap on blade element aercdynamics. 

ШЕ 15 ë intended here tc Summarize tke thecry and 
equaticns used in the analysis computer program. Included in 
the prcgram are the standard assumpticns of rigid tlades, 
Поа inflcw, small coning angles, and the applicability 


of two-dimensional data to blade elements. 


eee LAD ELEMENT THEORY 


A rotor blade can te ccnsidered їс рє merely a high 
aspect ratio wing rotating aktout one end. Thus the blade 
can be assumed to consist cf a finite number cf clade 
elements, the integration cf whose characteristics will 
yield that of the entire blade. 

Consider the rotor blade of radius R is compesed cf 
narrow blade elements cf width dr=Rdx, and having chord c, 
Aia. defined airioil secticn. The radial pesiticr cf a 
blade element is defined by I=RX, where x is tae 
dimensionless radial station given by r/R. Ses Figure 48. 

The rotor is composed cf b blades and is rotating at 
mematacnal velocity 0 з ¥,/R, where V, is the tip speed. 

cute Q9. depicts the rpcsitive sign conventicns fcr a 
blade element. Té cne pitch angle ста Elade  eletent 
located at radius r is ©, „ then its angle of attack is 


aA, = О ЕА (24) 
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Figure 332 
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where Pr ООП СМЕ ОН angle due to the incuced velccity 
and is given Бу 
= = 
Е ree (25) 


The angle of attack at station r can now ke expressed as 





el Nr 
Ap ©, - tan Lr (26) 


Assuming v, is small in comparison tc N r, 
x, = е, - (Hz) (27) 
Mie Litt and drag cecefficients for a jet-flapped airfoil 
are expressed in terms of the local jet-flap mcmentun 
coefficient сір. НТ с=с Ол ттт запа drag сап be 
expressed as the sum of three componerts: the tasic force, 
the jet-reacticn component, and the supercirculation 


component. That is, 


D s са, + о + aCe. (28) 
C = x > 
кс АС. А (25) 
чћеге 
dca, = Gs sin(x +8) 


деду = 7 ба cos (a+ 5) 


| 


DUUM RE nid) 


AC == Cis Е - cos (ж 65 )] 


апа Sp and s, are experimentally-determined constants. For 
БЗС = спау, аз іп Ref. 6, s,-23.0 and frll thrust recovery is 


assumed so that sj -1. The force components are shown in 


Figure 49. 
Before equations (28) and (29) can ke used, a spanwise 
feeseracution of momentum ccefficient Cic must be specified. 


вано теє, specify су, аз а Бостон СП т, A Study ef the 
Е Гар momentum distributicn was repcrted in Ref. 7, which 
Semetuaed that the minimum total  “et-flap  Zcgyentum 15 
reached when the momentum coefficient Су varies as the 
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State OL he radius, that is, when the jet-flar mcmentun 15 
constant along the blade. Thus, пе total jet-flap 
momentum coefficient fcr all blades is C,, then the lccal 


jet-£lap momentum coefficient at any station x is 


2 Сіє 
Ce = Fr Tre Tri (30) 
4 : A 2 
5 АХ | Tr ( 22) 
where Ax; is the Spanwise extent of the slot in terms of x. 
The elementary lift of the airfoil alcne cn the klade 


ENE-ucut of width dr and chord c is 
2. 
dip, = Cg $2 Cur) Cp de (31) 
Кисе U~ flr , then 
dL. = CE. Le (Ar) Cr dv (3/2) 


ОШ л Л агп1у the elementary profile drag cf the airfcil 


аі спе is given by 
DE eek (33) 
The elementary lift due tc the jet is 
dhr =U  * $ 48) («+ 5) | ES (a cre (34) 
The elementary drag due to the jet is 
до: = (ба у + 5445; )о5 («+ 5)] (а) седе (35) 
Using Figure 49, the eleıentary thıust is 
dT. * ЧЁ, sd, +dlı: ash, + (ddr; А06) га Ф, (36) 
Using Figure 49 tne seccrd term atove can be shown to be 
О О = |(6 794 (6, Јел (о + ON erde (37 
Since Y, is small, апй сов 9. %1 ,tten 


dl, cos е EM (38) 


HES 





Since the drag contribution to thrust is small сспгагеда 


E Пе lift contributicn, that is, 
МЕР ТО јела Фе ec Cab жао, Јен Фе, 


the drag terms are neglected in the thrust analysis. 


Thus equaticn (36) reduces to 
CINE = dlra eot e cond, (39) 


ENESstituting equations (32) and (37) intc the akcve 
equation, the following expression is obtained fcr the 


elementary thrust on the blade element of width dr: 
Lc = 
ale -1с Cir ED STEM "E || 2002) с Ат (40) 
В. MOMENTUM THEORY 


Weing the notation in Ficure 50, the thrust preduced by 
an elementary ring of width dr and radius r can be expressed 


using classical romentum thecry as 


ОЕ area role (41) 


ШЕМУ“ 15 tbe induced velccity at the rotor disc. 


E COMBINED BLADE ELEMENT ANL MOCMENTUY THEORY 


Using the blade element theory, the elementary thrust 


experienced by b number of Elades from equation (40) is 
ат. SLE LG $ +5 УС, Е Шс, от (42) 


If the radius ris expressed as the ncn-dirensicnal 


ratio x=r/R, then 


Y= Rx 
ar = Фах (43) 
ze e Vu X 


МЕНЕ - ЛЕ is the tip speed. 
By combining blade elemert and momentum thecries, it is 


possible to determine the induced velocity Vx , апа 
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Er mentearyarıne Of rotor disc, 
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ultimately thrust, torque, and power. Specifically, Dy 
equating the right sides cf equations (41) and (42), and 
EMuroducing the notation cf equations (43), the fcllcwing 


equaticn is oktained: 
су, B су то КЕЯ ) Sin (o+ s)| V x Be, = елл R (44) 


Kncwing that 





- Ах 
c4, * a. |ex- ET 
ЕШ substituting this intc equation (44), the resulting 


equaticn is 


e 2 2 

|a (o.- с. РИ ср РЕСУР v, ос, = CEA CT (45) 
% 

This reduces to the following equaticn which is 


шага гіс іп мж, , 
(87 Ra? є (ave Б с, ји - lae. ze Sy ЕМ (+5) | Ver bc, = oO (46) 


шта the quadratic fcrsula, the scluticn tc equaticn 
(46) becomes 





2 us 
ES. Ni AN FUN 
wee c p^ 2 (47) 
where 

_ BES: 

Sie. fuum 
| Ё т | 

М> = = хх < == (ene #5146, ER (әз)! 


р. heron THRUST 


With the kncwledge ої the induced velocity distributicn 
ИП (Пе blade, the thrust cf the rotcr can be found by the 
momentum theory using eguaticn (41). After sukstituting RX 


meee, and Вах fcr dr, equaticn (41) becomes 


AT een Ax (48) 
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The total rector thrust can be cbtained Бу integrating 
Eu tton (458) fron x. to x, where x. is the inner limit of 
Bali integration and x the outer limit. Thus the tctal 


thrust is given 


Xo 
m ZA 2€ 
Ber R | ^. X clx (49) 
KE 
where Vy В unction cf x. 
а the induced velocity at station x is 


nondimensionalized by the tip speed as (у, Ич), then 


equation (49) becomes 


кз 2 e ^ АГУ 5 c 
рес АПС К Ve | | E y X с х (50) 
AC 





Ee ROTOR POWER REQUIRED 


ie determination ok  pcwer required is similar to that 
descrited abcve for thrust. Profile power is that рсмег 
reguired to overcome profile drag cf the blades. The 
elementary prcfile power cf b blade elements at staticn x 


can Бе derived similarly tc equation (48) as 
EIUS 3 3 
d Po = Ore puc cav х Дх (51) 


Mie total profile pcwer is cktained by integrating 
Бо сп (51) from x; to x, . Thus 
Хо 


5 


кс 


22 (52) 


© 


where са. is a function of x and the chord is constant. 

The induced power is that power required tc overccmue the 
Eucsd drag of the klades. Referrirg to Figure 50, the 
elementary induced power ccrrespondinc to a ring of width 


hax 1S 
cup? = ШЫГ, (53) 
Substituting equation (48) into (53), 


a = an R Ow, x dx (54) 
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Thus the total induced power is obtained Бу integrating: 
2: | 3 ^ Xo A 3 - 
Рат ЛУ GE) ка» i 


The total power required is merely the sum cf induced 


and profile fower. 


ШІ ЕОТОН ТОЕСОФЕ 


The rotor shaft torque can be found by using the simple 
relation 0 = P/A. 

For a jet-driven retor the shaft  tcrque is zerc. Аз 
described in Ref. 7, the shaft torque consists cf three 
components: the airfoil contribution, the pumping werk, and 
ЕНЕ Тір-Дес- reaction component. If the pumping werk and 
tip-jet reaction are lumped into a net tip-jet torque, then 
Ecc the torque is zerc, the net tip-jet tcrgue equals the 
Eo] contribution tc the torque. Since the tcrque due to 
the airfoil can be found as shown previcusly, then the net 
Ме“ torque will aisc ге known. This allcws the 


determination of momentum requirements fcr the tip-jets. 
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APPENDIX B 


COMPUTER PRCGRAM DZSCRIETION 


The computer program was used in the determiraticn of 
the jet momentum required by the jet flap and tip-jets for 
НОБЕЛ ОЦЕ rotor configuraticns. Poltcwind дррешаљу( 6 ше а 
sample computer printcut cf the results and a complete 
ргсдгап listing. The program was written in the Fortran IV 
language and was Ean Ош спе ТЕМ” 260 at the Naval 


Postgraduate School. 


А. HET THOD CF COMPUTATION | 


з 


Since the program is based оп the tlade element thecry, 
the rector radius was divided into 18 blade elements (19 
Stations) for computational purposes. 

A general flew chart fcr the computer program is shown 
Somer igure 51. 

First, each blade station had tc Бє analyzed tc 
determine the ccrresponding blade elerent's ccntributicn to 
the total thrust and power required. For a jet-flarpped 
airfcil, there is no ciosed-form solution for the induced 
velocity. Equation (46) in Appendix A shows that the 
induced velocity v, ls a function ої the local jet romentun 
coefficient c;, . However, Equation (30) shows that c,, is 
IE clon Of the resultant iccal velocity u,, which itself 
is a functicn of the induced velocity. Thus an iterative 
method was used to dsternire the induced velocity wherein an 
angle Of attack was assumed, tke induced velccity 
calculated, and a calculated angle of attack was fcund using 
Equaticn (26) in Appendix A. The method СЕ halving the 


interval was used to converge the angle of attack. 


DE 
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Once the sectional prcperties were calculated, the 
Eomtzicution ОЁ each blade element tc thrust and рсчег was 
calculated using the equaticns in Appendix A. 

After all stations were analyzed, numerical integraticn 
of the sectional properties was used to obtain the tctal 
thrust produced and power required fcr a particular value of 
jet momentum coefficient Cig . Trapezoidal integraticn was 
used over the working span of the blade; i.e. frcm the 
(ОЦЕ ак x = .10R to the klade tip. To acccunt for tip 
Meses, the thrust contrikution of the cutkoard blade 
element was reduced 40%, which corresponds tca tip loss 
„ОСТ Of 0.98. Consequently the irduced drag was also 
reduced in the same propcrticn. Prefile drag, however, was 
integrated tc the blade tir. 


ire thrust produced for the current value of was 


Cie 
compared to the desired thrust, which was an input ccnstant. 
If the thrust produced was not within tolerance, then 
anotner entire computation was performed using another value 
of Су to produce another value of thrust. Thus an 
iteration loop was used to cktain tne value cf the tctal jet 
momentum Cj, required to prcduce the desired thrust. 

Once thrust convergence was okttained, the values cf 
power required and snaft tcrque were fcund. In crder tc use 
the performance charts of Ref. 7 a value of ES мас СЕтаіпеа 


defined therein. 


И ІМРОТ DATA 


The input data consists cf the essential ceometry and 
operating conditions necessary to define the problem. The 
blade geometry includes the radius,  chcrd, ard  gecmetric 
twist, as well as the jet-flap slot lecaticn сп the blade. 
The operating parameters of tip speed, jet deflection angle, 
and blade pitch are also specified. Also input is the 
desired thrust to be produced by the rctor. The essential 


input data is listed on the program cutfut. 


aa 





fe ООТРОТ 


Ре оси iS contained EOllcwing Appendix C. The 
essential prcperties at eack blade station are listed in 
(шах format. Following this is the final yalue cf Cig v 
the jet momentum coefficient required tc preduce the desired 
thrust at the given operatinc conditiors. Alsc given is the 
torque coefficient calculated as if үе roter Was 
Shaft-driven. This then specifies the torque which must re 


pasduccd by  tip-jets fcr the jet-driven rotor. 
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APERNDICOIG 


ИР САТСОШБАГІОИС 


The following calculaticns illustrate the methcd used in 
computing the air mass flcw requirements fcr a specified 
Beeor and operating conditions. Specifically, tbe case 
illustrated follows that shown in the computer  rrcgram 
Output secticn. 

moe calculations follow the metnod cf Ref. 7 and utilize 
the performance charts contained thersin. The performance 
charts used are based on a gaS generatcr with a turbine 
Mmiet temperature of 2500 R and a compressor pressure ratio 
= 16. 


БЕЕСТЕТЕП ЕТГАПЕ GEOMETRY AND OPERATING CONEITICNS 


Number of blades b = 2 

Blade chord С о ОЕ 
Rotor radius R = ono it 
Washout e, = 8 deg 
Jet deflection angle $ = 50 deg 
Tip speed V - 750 fps 
ввесь аб .75Б Е = 7.5 дед 
Eenic velocity а, = 1116 fps 
Secticnal lift curve slope a = 9.13/rad 
Free stream air density с 2 0029099 ugs tt 
Ssoljdity y = .106 


uae blade extends ¿row 5 =0.1 tc 1.0 while the  slct 
ESUEDds from r -0.5 to 1.0. 
Bea et deflection angle of 50°, the ccmputer cutput 
gives the following results: 
С; 0070763 


JR 
Ст .0114 





er .091537 
Т 105202155 
The design parameter used in Ref. 7 is found as 


con | 2. (106) 2 
K = V Cy "^ у оға в 


The parameter 








ж C. 
E = EXE = 
С; СЕ 0.06 2.07 
с / 2 
The geometric ducting parameters A/7 R ID Ете 
computed as fclicws: 
A I - 4 
O, OA ( ) = E 
леї 8 51-х о 
Di (+) Ж - 
= о © E О ЕБ 


Шие пес tip-jet torgue is computed as follcus: 


Ve E лег Tr ж 
Са,“ ae ( А” Еа 2 225567 


Picwican јев-= Јар Momentum coefficient C; is given as 


Е 44-2 ( 22: ( 3 a * 
Е Е C8- xc) 4 K> & - 522-406 





Frem Figure 37b cf ket. 7, the exhaust mass flcw 
@oerticient См. = 0.47 ror the tip jet. 

ош Figure Sib cf  hef. 7, the exhaust mass flew 
coefficient Смс = (А ог the Jet Elap. 

It should be noted that there 15 пс significance to the 
fact that the mass flow coefficients fcr the tet flap and 
tip jet are equal here. 

Therefore the total mass flow coefficient is 


A, 98.73 


G 
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The exhaust mass flow is computed as 
= zn 7 нара 
Е С о З A = 1344 slugs /sec. 


ОЕ 


43,4 lom /sec 


cs 
i 


which is the required air mass flow tc supply the jet flap 
ша tip jet. 
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